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Measurements of commensurability oscillations in 
GaAs/AlGaAs two-dimensional (2D) hole systems grown 
on GaAs (311)A substrates reveal a remarkable anisotropy: 
the amplitude of the measured commensurability oscillations 
along the [233] direction is about 100 times larger than along 
[Oil]. For 2D electron systems at similar interfaces, however, 
we observe nearly isotropic oscillations, suggesting that the 
anomalous anisotropy is intrinsic to GaAs 2D holes at the 
(311) A interface. 
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GaAs/AlGaAs heterojunctions and quantum wells, 
grown on GaAs (311)A substrates and modulation-doped 
with Si, are of considerable current interest. These struc- 
tures can contain very high mobility two-dimensional hole 
systems (2DHSs), and have already shown a number of 
novel phenomena including signatures of magnetic-field- 
induced Wigner crystallization Jl| and metal-insulator 
transition at zero magnetic field [pppl . These systems are 
also known to exhibit an in-plane transport anisotropy 
|P-||; the mobility along the [233] direction is typically 
larger than along [Oil] by a factor of 2 to 5. Here we 
report the observation of commensurability oscillations 
(COs) revealing a surprisingly large anisotropy in the am- 
plitude of the COs measured along these two directions 
in this system. We recall that COs refer to the oscil- 
lations in the magnetoresistance of a 2D carrier system 
whose density has a lateral periodic modulation [p|,pi|. 
In a simple, semiclassical model [pi, the oscillations can 
be related to the classical cyclotron orbit diameter of the 
carriers becoming commensurate with a multiple integer 
of the period a of the potential. The anisotropy of the 
COs we observe in the 2DHSs is too large to be explained 
by a simple argument based on mobility anisotropy. 

Our samples were grown by molecular-beam epitaxy 
(MBE) on GaAs (311)A substrates, and have low- 
temperature mobility in the range of 1.7x10^ cm^/V 
s to 1.6x10^ cm^/V s. The sample structure is shown 
schematically in Fig. 1. Arrays of lOOOA-thick PMMA 
strips were defined perpendicular to the two arms of an 
L-shaped Hall bar pattern which was made by electron- 
beam lithography and 5000A-deep wet etching. The two 
arms of the Hall bar were aligned along the [233] and 
[Oil] directions. The periods of PMMA strips range from 
2000A to 3000A and their widths equal half of their pe- 
riods. A front gate was made by evaporating 50A of Ti 



and 2000A of Au. We measured the longitudinal magne- 
toresistance as a function of perpendicular magnetic field 
_B, at T w 0.5K using a standard low- frequency lock-in 
technique. 

We studied 2DHSs confined in both triangular and 
square quantum wells. The low-_B magnetoresistances 
measured along the [233] and [Oil] directions are repre- 
sented by i?[233] and i?[oii] j respectively. Both i?[233] and 
R\oii] are measured with the current running perpendic- 
ular to the direction of the PMMA strips (see Fig. ^ . We 
find an enormous amplitude anisotropy in the COs mea- 
sured along the [233] and [Oil] directions. In the trian- 
gular well sample, as shown in Fig. 0, we observe strong 
COs along [233] while essentially no COs are visible along 
[Oil]. Significant anisotropy in COs is also observed in 
the square well sample. As shown in Fig. H(a) , i?[233] ex- 
hibits strong COs for 0.1 < \B\ < IT while -Rroil] shows 
much weaker oscillations. In Fig. 0(b), where i?r233] ^^^ 
i?[oii] are normalized by i?[233] {B =0) and i?jQ]^j] {B —0), 
respectively, shows that -Rroiii does have some oscillating 
features but their amplitude is about 100 times smaller 
than along [233]. 

Surface corrugations, consisting of alternating GaAs 
and AlGaAs channels along [233], are present in MBE- 
grown GaAs (311)A surfaces [0,01. Formation of these 
channels has previously been reported g-||] to lead to en- 
hanced interface roughness scattering along [Oil], caus- 
ing the mobility along [Oil] to be smaller than along 
[233] . Previous studies also indicate [pHsj that the mobil- 
ities along [233] and [Oil] differ only by a factor of 2 to 5. 
This difference is obviously far less than the nearly 100 
times difference observed in the amplitudes of COs along 
[233] and [Oil] in our square well sample, and cannot 
explain the dramatic anisotropy observed in COs. 

We also studied the COs in a two-dimensional electron 
system (2DES) at the GaAs/AlGaAs (311)A interface. 
The 2DES was grown under similar MBE growth condi- 
tions: The substrate temperature during the growth of 
the GaAs/AlGaAs interface and the AlGaAs spacer was 
kept the same as in the 2DHS case and was reduced only 
when the dopants were introduced [Q. The interface 
morphology of the 2DES sample should therefore closely 
resemble that of the 2DHS samples. The mobility mea- 
sured in this sample along [233] is about 2 times greater 
than along [Oil]. The COs measured along [233] and 
[Oil] in the 2DES arc shown in Fig. |4[ It is clear that 
the amplitude of the COs in the 2DES case differ only by 
a factor of about 2, much less than the nearly 100 times 
difference observed in the 2DHSs. From the positions of 



the critical field (marked by the vertical arrows in Fig. 
^ for the positive magnetoresistances measured along 
[233] and [Oil], we estimate that the magnitude of the 
potential modulation is about the same along these two 
directions. These values are reasonably consistent with 
the amplitude diff'erence of COs observed along [233] and 
[Oil] in Fig. |. 

To understand the data more quantitatively, it is use- 
ful to examine the strength of the potential modulation 
along [233] and [Oil]. Beton et al ^ show that 2D 
carriers subjected to a one-dimensional periodic poten- 
tial exhibit a low-field positive magnetoresistance. This 
is because the carriers, affected by the electrical force 
generated by the periodic potential, stream along the 
equipotentials (perpendicular to the current fiow), and 
lead to an increase in the resistance. This positive mag- 
netoresistance extends up to a critical B field (marked by 
the vertical arrows in Fig. ^(b)) above which the mag- 
netic force is greater than the electrical force and the 
streaming orbits are suppressed. Therefore, the critical 
B field can be a measure of the strength of the poten- 
tial modulation. From this model, we estimate that the 
strength of the potential modulation along [233] is about 
twice larger than along [Oil] for the 2DHS sample. This 
is not sufficient to explain the remarkable COs amplitude 
anisotropy found in the 2DHS. The modulation strength 
for the 2DES sample is about the same for the two direc- 
tions. 

In summary, we investigated COs in 2DHSs and a 
2DES grown on GaAs (311)A substrates under simi- 
lar MBE growth conditions and found an anomalous 
anisotropy in the COs' amplitudes measured along [233] 
and [Oil] in the 2DHSs, but not in the 2DES. Our study 
suggests that the anomalous anisotropy is intrinsic to the 
2DHSs grown on GaAs (311)A substrates. 

This work was supported by the NSF and the ARO. 



[8] J. J. Heremans, M. B. Santos, K. Hirakawa, and M. 

Shayegan, J. Appl. Phys. 76, 1980 (1994). 
[9] D. Weiss, K. von Klitzing, K. Ploog, and G. Weimann, 

Europhys. Lett. 8, 179 (1989). 
[10] R. W. Winkler, J. P. Kotthaus, and K. Ploog, Phys. Rev. 

Lett. 62, 1177 (1989). 
[11] C. W. J. Beenakker, Phys. Rev. Lett. 62, 2020 (1989). 
[12] R. Notzel, N. N. Ledentsov, and K. Ploog, Phys. Rev. B 

47, 1299 (1993). 
[13] M. Wassermeier, J. Sudijono, M. D. Johnson, K. T. Le- 
ung, B. G. Orr, L. D. Daweritz, and K. Ploog, Phys. Rev. 

B 51, 14721 (1995). 
[14] K. Agawa, K. Hirakawa, N. Sakamoto, Y. Hashimoto, 

and T. Ikoma, Appl. Phys. Lett. 65, 1171 (1994). 
[15] P. H. Beton, M. W. Dellow, P. C. Main, E. S. Alves, L. 

Eaves, S. P. Beaumont, and C. D. W. Wilkinson, Phys. 

Rev. B 43, 9980 (1991). 



[1] M. B. Santos, Y. W. Suen, M. Shayegan, Y. P. Li, L. W. 

Engel, and D. C. Tsui, Phys. Rev. Lett. 68, 1188 (1992). 
[2] Y. Hanein, U. Meirav, D. Shahar, C. C. Li, D. C. Tsui, 

and Hadas Shtrikman, Phys. Rev. Lett. 80, 1288 (1998). 
[3] M. Y. Simmons, A. R. Hamilton, M. Pepper, E. H. Lin- 
field, P. D. Rose, and D. A. Ritchie, Phys. Rev. Lett. 80, 

1292 (1998). 
[4] Jongsoo Yoon, C. C. Li, D. Shahar, D. C. Tsui, and M. 

Shayegan, Phys. Rev. Lett. 82, 1744 (1999). 
[5] S. J. Papadakis, E. P. DePoortere, H. C. Manoharan, and 

M. Shayegan, Science 283, 2056 (1999). 
[6] A. G. Davies, J. E. F. Frost, D. A. Ritchie, D. C. Peacock, 

R. Newbury, E. H. Linfield, M. Pepper, and G. A. C. 

Jones, J. Cryst. Growth 111, 318 (1991). 
[7] J. J. Heremans, M. B. Santos, and M. Shayegan, Appl. 

Phys. Lett. 61, 1652 (1992). 



(a) 



[233] 



"[233] 



Q( 



PMMA strips J : 



[011] 



"(01 1] 



(b) 



Surface j. U i 
2DHS^ 



PMMA ^ a Ti/Au 




FIG. 1. (a) L-shaped Hall bar pattern for studying COs 
in a 2DHS on the GaAs (311)A surface. Periodic potentials 
along the [233] and [Oil] directions are realized by e-beam 
defined PMMA strips and evaporated gates, (b) Schematic 
side view of the sample structure. Here a is the period of 
PMMA strips. 



FIG. 3. (a)Magnetoresistance measured in a square well 
2D hole sample. We observe strong COs in the [233] direc- 
tion (thick trace), while the [Oil] direction (thin trace) ex- 
hibits very weak COs. (b)The COs along [233] and [Oil] are 
normalized by dividing by Rq, the resistance at B =0, to 
emphasize the enormous ('^lOO times) difference in their am- 
plitudes. The vertical arrows mark the positions of the critical 
field below which a positive magnetoresistance is seen. 




FIG. 2. Magnetoresistance measured in a triangular well 
2D hole sample. Strong COs are observed in the [233] direc- 
tion (thick trace), but no COs are observed in the [Oil] di- 
rection (thin trace). The high-frequency oscillations observed 
above B ~ 0.5T are the Shubnikov-de Haas oscillations. 
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FIG. 4. Magnetoresistance measured in a 2D electron sam- 
ple. The data along both [233] and [Oil] directions show COs 
with similar amplitudes. The vertical arrows also mark the 
positions of the critical field. 



